The main objective of this work is to investigate the behaviour of reinforced concrete members strengthened for flexure using mechanically fastened fiber reinforced polymer (FRP) strips. Experiments were conducted on strengthened reinforced concrete beams loaded to failure with an increasing load in four-point bending. An analytical-numerical model was developed predicting the behaviour of the strengthened concrete beam and reproducing its large ductility before failure.
INTRODUCTION
FRP strengthening of structural members [1] , [2] or walls [3] , [4] has become an increasingly popular method due to the excellent properties of the FRPs in strength and resistance in corrosion as well as the ease in usage. Externally resin-bonded [5] , [6] , [7] (or mortar-bonded [8] , [9] ) FRP strips are in use for quite some time as a flexural strengthening technique for reinforced concrete beams. A relatively new method has been developed by researchers [10] , [11] to strengthen concrete members with FRP strips that are mechanically attached on them. The resin is replaced by fasteners and anchors that are mechanically fastened to the reinforced concrete members at specific distances between them so that the strip is kept in place. This method is fast, the concrete surface does not need to be specially prepared as in the case of resin-bonded FRP strips and a specially trained crew is not needed to attach the strips. The member can be used immediately after the strengthening without waiting a few days, as is the case with other strengthening techniques, until the resin or mortar used for the bonding reach an appropriate strength. In addition the failure of mechanically fastened FRP strips takes place in a ductile manner without any concrete cover or layer separation that may appear when resin or mortar bonded FRP strips are used. To be able to promote this method to become a standard strengthening technique that can be used as a good alternative to others that have been evaluated for many years, additional investigation is needed.
Letter
In the present study the behaviour of a reinforced concrete beam strengthened with FRP strips attached mechanically was examined experimentally and compared with other FRP strengthening techniques through a series of tests on beams loaded in fourpoint bending. In addition an analytical-numerical model was developed to predict the behaviour of reinforced concrete beams strengthened in flexure with mechanically attached FRP strips composed of carbon fibres in an epoxy matrix. The properties and parameters used in the model are consistent with those used in the laboratory tests. The model was able to predict the beam's ductile behaviour and the results obtained are in close agreement with the experimental ones.
EXPERIMENTAL PROCEDURE
Laboratory tests were performed to investigate the effectiveness of the mechanically fastened FRPstrip strengthening technique for flexure. This technique was compared with other FRP strengthening techniques through a series of experiments conducted on simply supported reinforced concrete beams. The dimensions of the beams were 2.2x0.25x0.15 m and they were reinforced by tension (two 12 mm diameter) and compression steel bars (two 12 mm diameter). To avoid switching failure mode when strengthened in flexure the beams were adequately reinforced in shear with closely-spaced stirrups (8 mm diameter at a spacing of 100 mm). The mean compressive strength of the concrete was 34. (Fig. 1) . The load was applied using a vertically positioned 500 kN MTS actuator and the displacement was measured at the mid-span using an external displacement transducer. 50 mm 2 . Fifteen fasteners (nails) of 3.7 mm diameter and 22 mm length were used having tensile yield stress of 500 MPa (Fig. 2) . Five fasteners were spaced in each of the two shear spans. At each end of the strip, to increase the beam's ductile behaviour and to avoid delamination of the strip ( [12] , [13] ), two anchors of 6 mm diameter and 85 mm length were used having tensile yield stress of 500 MPa (Fig. 3) . A lot of trials were made to find the best way to attach the fasteners and anchors in the concrete beam without cracking intensively the concrete area around the fasteners. It was found out that the best way to attach the fasteners to the concrete is to drill holes of appropriate length and then use gunpowder charge to embed the fasteners and anchors in the holes. It was also found out that pre-drilling was necessary for the strip before the attachment.
The strengthened beam behaved in the following way: Initially, as the load was increasing, the fasteners in the moment span were detached from the concrete before yielding of the steel bars occurs (Fig. 4) . As load reached P = 94 kN the steel bars yielded and the fasteners next to the moment span (one at each side) detached. At this point the force-displacement (P-δ) diagram became almost a straight line (Fig. 5 ). The fasteners that were not detached from the concrete behaved in a ductile way. The strip strained extensively and yielded locally because of the bearing stress developed between the strip and the anchors. Concrete crushing was observed at the moment span in the compression zone, following yielding of the steel reinforcement. Fig. 6 shows the strengthened beam after it reached failure.
Analytical and Experimental study of Flecural Strengthening of RC Members Using Mechanically Fastened FRP Strips
The efficiency of this strengthening technique is apparent when comparison is made with an unstrengthened control beam (Fig. 7) . Comparison was also made with other more common FRP strengthening techniques through laboratory tests performed on beams of the same dimensions and properties as the examined one and strengthened in flexure in the following ways: One beam was strengthened with a textile material bonded using epoxy resin (Textile Reinforced Resin -TRR). The textile was unwoven and consisted of high-strength carbon fiber rovings placed in two orthogonal directions. The dimensions of the textile were as follows: length = 1.9 m, width = 150 mm, thickness = 0.047 m. The tensile strength of the fibres was 3350 MPa in each direction, the elastic modulus 225 GPa and the ultimate strain 0.015. Four layers were used and were bonded on the concrete beam with resin of small thickness. The second beam was strengthened with Textile Reinforced Mortar (TRM). The dimensions and properties of the textile were the same as for the previous case. The only difference was that mortar substituted the resin in bonding the textile on the beam. The 28-day compressive and tensile strength of the mortar was 30.61 and 4.24 MPa, respectively. For the third beam a strip was attached with resin (CSR) having the same properties as the one fastened mechanically.
All beams were loaded to failure with a monotonically increasing load. The control beam failed in a ductile way with the tensile steel reinforcement yielding before the concrete failed in compression. In the TRR beam yielding of the tensile steel reinforcement occurred at first, followed by tensile failure of the textile in the mid-span before detachment occurs. Slight concrete crushing was observed in the compression zone. The failure was sudden. In the TRM beam the yielding of the tensile steel bars followed detachment of the textile at one end of the beam. The detachment occurred due to interlaminar shear between successive layers of the textile. Concrete crushing was observed in the compression zone when the load approached the ultimate capacity of the beam. The failure occurred in a more ductile way than the previous case. In the CSR beam after the tensile steel yielded the strip was detached initially from the end of the beam reaching the midspan. The detachment occurred because of failure of the outside layer of the concrete where the strip was bonded. The beam with the mechanically fastened FRP-strip increased the overall moment capacity of the beam and reached failure exhibiting higher ductility than any other FRP-strengthening technique as can be seen in Fig. 7 [14] . This gave the motivation to continue the investigation of this strengthening technique and to develop an analytical-numerical model that can predict the behaviour of the strengthened beam.
MODEL OF FRP STRENGTHENED BEAM
A simple analytical model was developed to predict the behaviour of reinforced concrete beams loaded in four-point bending and strengthened with me-chanically fastened FRP strips. The parameters of the model were selected to match the dimensions and material properties of the laboratory tests.
Several assumptions were made for the analytical model: a) The strain varies linearly over the cracked concrete cross section; b) The stress and strain on the cross section of FRP strip are uniform; c) The entire load is transferred from the concrete to the FRP strip through the fasteners in the shear span.
The model uses the Park and Paulay's [15] concrete stress-strain relationships for concrete confined by rectangular stirrups:
for the ascending part of the curve (region AB) (1) for the assumed linear falling branch (region BC) (2) where f c is the compressive concrete stress, f΄ c is the compressive cylinder strength of concrete, ε c is the concrete strain at the top of the beam section in the compression zone, ε ο is the strain at the maximum stress, approximately equal to 0.002, and Z is the slope of the assumed falling branch (for our model Z=33.4).
The behaviour of steel is assumed to be bilinear with a post-yield modulus equal to 1.7% of the elastic one. In addition it is assumed that the concrete has cracked in the tension zone so there is no tensile concrete force. The strains in the tension steel ε s , compression steel ε s2 , and FRP strips ε f (Fig. 8) can be found as a function of the maximum compressive strain of concrete ε s using the following equations: The position of the compression zone can be located using the following parameters as shown in Fig. 8 [16] : (4) (5) Equilibrium of forces in the section in terms of stresses and strains after the concrete has cracked but before tensile steel has yielded gives: (6) where b is the width of the concrete beam, A s2 is the total area of the compression steel, E s is the elastic modulus of steel, A f is the cross section area of the FRP strip, E f is the elastic modulus of FRP strip.
Summation of moments about the concrete force resultant gives the moment M on the cross section:
After the tensile steel has yielded, equations (6) (7) become: 
The vertical deflection Δ at the middle of the span was calculated idealizing the curvature distributions consisting of elastic and inelastic regions [15] and using the following equations: (11) where A is at the beginning of the beam, B is located at the middle of the span and θ is the rotation between any two points.
The above equations were implemented to obtain load-deflection and moment-deflection curves and the results were compared with the experimental ones.
IMPLEMENTATION OF ANALYTICAL MODEL
The load-deflection and moment-deflection relationships were obtained assuming that only the ten fasteners in the shear span transfer the tensile force to the FRP strip and ignoring the existence of the anchors at the two ends of the strip. The procedure that was used for the implementation of the analytical model is the following: For a given concrete strain at the top fiber of the compression zone the depth of the neutral axis and the moment of the cross section are calculated from equations (6) and (7). New values of the depth of the neutral axis and the moment are found by increasing the concrete strain incrementally. After the steel has yielded equations (8) and (9) The numerical results are in close agreement with the experimental ones (Fig. 9) . The model underpredicts the behaviour of the strengthened beam by not much than 10%, giving an extra factor of safety. The under-prediction of the behaviour of the beam is probably due to the exclusion of the anchors at both ends of the strip from the analytical model. The first part of the experimental load-deflection curve exhibits a change of slope (a kneeling of the curve at its beginning). This change of slope does not appear in the model prediction due to the assumption that the concrete has cracked in the tension zone excluding any tensile concrete strength. Bearing failure of the FRP strip can be predicted from the model as an overall phenomenon around the fasteners but not as a local event around a single fastener.
The model can predict with enough accuracy not only the overall capacity of the FRP-strengthened beam but also the amount of ductility the strengthened beam exhibits before failure.
CONCLUSIONS
A simple analytical and experimental study was performed to investigate the effectiveness of strengthening in flexure reinforced concrete members using mechanically fastened FRP strips. Reinforced concrete beams were tested in four-point bending to failure using several strengthening techniques including the aforementioned. It was found that strengthening a beam using mechanically fastened FRP strips increases its overall moment capacity and ductility.
In addition an analytical-numerical model was developed to predict the behaviour of a beam strengthened in flexure with FRP strips attached mechani- cally with fasteners. The model was implemented and the results were in close agreement with the measurements obtained from the tests. The method using mechanically fastened FRP strips on concrete beam is promising; it increases the overall moment capacity of the beam but mostly its ductility in a superior way than any other FRP strengthening technique investigated in this study.
